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Introduction

35
Quantitative microbial risk assessment (QMRA) and life cycle assessment (LCA) are among the environmental 36 management techniques used to support decision-making regarding urban water and sanitation systems, including 37 water reuse (Xue et al. 2015) . QMRA offers a structured approach to assess human health risks that arise from the 38 exposure to pathogens. QMRA models describe the cause-effect chain starting from the pathogen sources and 39 ending with the adverse effects of pathogen exposures on human health. The application of QMRA is 40 commonplace in the assessment of urban water and sanitation systems (e.g. Amha article is to highlight and discuss opportunities and unresolved issues related to assessing management options for 54 urban water and sanitation systems in terms of the broader adverse effects of pathogens and other stressors on 55 human health and the environment through concurrent use of QMRA and LCA. But first, we briefly introduce 56 LCA and QMRA at the conceptual level, and provide a summary and analysis of the studies that explored the 57 concurrent use of QMRA and LCA and that were reported in peer-reviewed scientific journals. 58 Background 59 LCA 60 LCA is a technique for the environmental assessment of products (i.e. goods or services) and generally covers the 61 entire life cycle of a product, from raw material and natural resource acquisition to final disposal. It is also referred 62 to as environmental LCA in order to distinguish it from social LCA and life cycle costing (LCC). The procedure 63 of performing an environmental LCA is described in the ISO standards 14040:2006 and 14044:2006. These ISO 64 standards describe LCA as a compilation and evaluation of the inputs, outputs and potential environmental 65 impacts of a product system. A product system hereby is a collection of processes (i.e. activities transforming 66 flows of material and energy) that models the life cycle of a product and performs one or more defined functions. 67
A key feature of LCA is the functional unit. It represents a quantification of the identified function(s) of the 68 studied product system and serves as a reference to which the inputs, outputs and potential environmental impacts 69 can be related. For example, the functional unit for water reuse scenarios could be the provision of 1 m 3 of non-70 potable water. 71
According to the ISO standards, LCA consists of four stages, which interact with one another in an iterative 72 manner. Goal and scope definition is concerned with stating the intended application of the LCA study, the reason 73 for carrying it out, to whom and how the results are to be communicated, as well as a number of important 74 modelling specifications including the functional unit, the system boundaries, cut-off criteria, allocation principles 75 (i.e. how to partition the input and output flows of processes between the product under study and co-products), 76
and which options to model. Life cycle inventory analysis (LCI) is concerned with quantifying the 77 environmentally relevant resource use and emissions associated with a product system in relation to the selected 78 functional unit. Life cycle impact assessment (LCIA) is concerned with translating the resource use and emissions 79 estimated in the LCI into potential environmental impacts, also in relation to the selected functional unit. Since its 80 emergence in the late 1970s, LCA methodology has developed considerably and several life cycle inventory (LCI) 81 databases and LCIA methods are available (Baumann and Tillman 2004) . LCIA methods cover a continuously 82 expanding number of impact categories and corresponding characterisation models for the conversion of the 83 resource use and emissions from a product system into potential environmental impacts (Hauschild et al. 2013) . 84
Common impact categories used in LCIA include global warming, acidification, human toxicity, land use, 85 eutrophication, water use, land use, abiotic resource depletion, and many more. The models used to describe these 86 impacts in LCA may be at a "midpoint" level (e.g. greenhouse gas emissions enumerated as kg of CO2-87 equivalents) or a more meaningful but less accurate "endpoint" level (e.g. climate change impacts on human 88 health estimated in disability-adjusted life years). Disability-adjusted life years (DALY) are a measure of overall 89 disease burden that was developed in the 1990s (Murray 1994) . A recent discussion of the concept is provided in 90 Gao et al. (2015) . Life cycle interpretation is concerned with interpreting the results in order to draw conclusions 91 and is done in between all stages. Figure 1 In these studies, the focus of the assessment shifted from the acceptability of individual exposures towards the 131 overall community impact associated with a suite of exposures associated with a given management option. Table  132 1 illustrates which assessment endpoints are meaningful in combination with certain assessment purposes. 133
Model structure of static QMRA through LCA). The overall model structure is strikingly similar in the above three studies. Basically, QMRA was 198 used to estimate the pathogen-related health burden for a number of core processes, while LCA was used to 199 estimate the health burden related to other stressors for both the core processes and the supply-chain processes 200 (see Figure 3) . health burden for all people possibly exposed to pathogens as a direct result of wastewater management operations 205 (but not supply-chain processes). In the study by Kobayashi et al. (2015a) , the pathogen-related health burden 206 estimated based on QMRA represents the aggregate health burden for all people possibly exposed to pathogens 207 through consumption of river water and recreational use of the river. Comparing and contrasting QMRA results 208 with LCA results is possible because the concept of DALY has been adopted in both QMRA and LCA. It was 209 recommended in the literature, however, that understanding the background information on how DALYs are 210 derived is crucial to ensure the consistency of DALYs used in quantitative risk assessment (QRA) and LCA 211 (Kobayashi et al. 2015b ). Finally, it should be noted that the case studies that have explored the concurrent use of 212 QMRA and LCA all relied on static QMRA and attributional LCA. 213
Opportunities and issues related to concurrent use of QMRA and LCA
214
The recent efforts to look into trade-off relationships between pathogen-related and other impacts on human health 215 in the context of urban water and sanitation systems that are considered in this paper illustrate new opportunities 216 for the use of QMRA -amongst others for the assessment of water reuse. Not only can QMRA provide the basis 217 for deciding whether pathogen-related adverse effects experienced by specific individuals or populations are 218 acceptable, or which management option leads to the highest overall health burden for specific individuals or 219 populations -concurrent use of QMRA and LCA can also provide a basis for avoiding problem shifting between 220 pathogen-related and other health burdens. For example, if two water reuse options with different levels of 221 disinfection were considered, it would be possible to investigate whether the reduction of the local health burden 222 associated with pathogens might be offset by an increase of the global health burden associated with the operation 223 of the disinfection process. In the remainder of this paper, we discuss a number of issues to be aware of with 224 regard to concurrent use of QMRA and LCA. 225 dose-response relationships in LCIA models for human toxicity of chemicals, for instance, is acceptable because 258 the assessment is concerned with chronic effects and the doses considered in a given LCA study usually are on the 259 lower end of the dose-response curve. The assessment of adverse effects of pathogens on human health, however, 260 is mostly concerned with acute effects, and the doses a given host is exposed to can be further up the the dose-261 response curve (Harder et al. 2016) . It is therefore generally not recommended to linearize dose-response 262 relationships for pathogens in QMRA models, not even when the results are to be compared with LCA results (see Coverage of pathogen emissions 289 The three studies analysed in this paper only considered pathogen emissions from treatment operations (i.e. the 290 "foreground system" in LCA terminology) but not from elsewhere in the supply chain that supports treatment 291 operations (i.e. the "background system" in LCA terminology). Presenting the QMRA results covering only the 292 foreground system in an LCA framework (as was the case in Heimersson et al. 2014 and ) 293 might camouflage the fact that the pathogen impact potential presented does not cover pathogen emissions in the 294 background system. 295
In principle, it would be possible to cover pathogen emissions also in the background system, and also in the 296 expanded system when system expansion is applied in LCA. System expansion is one way to facilitate 297 comparison of alternatives with multiple functions in addition to the ones represented by the functional unit. For 298 example, a treatment plant in a water reuse scenario might not only provide water but also wastewater treatment 299 services as well as treatment residuals that can be used in soil improvement. An analyst may want to compare the 300 environmental impacts of supplying 1 m 3 of recycled water, or alternatively, water from a conventional surface 301 water source. For a fair comparison, the environmental impacts of a separate system for the delivery of the same wastewater treatment services and soil improvement should be added to the environmental impacts of the 303 conventional system. This procedure is called "system expansion" or "substitution" and is illustrated in Figure 4 . 304
The term system expansion means adding components to the system that does not supply as many functions as the 305 multifunctional system, although the algebra of comparison is just as apt if the environmental burdens of the 306 components are subtracted from the multifunctional system in the calculation. 307 However, pathogen emissions at different locations and points in time cannot be aggregated (and scaled to a 308 functional unit) because of the non-linearity of dose-response models. Rather, emissions at different locations and 309 points in time each require a separate QMRA, the results of which can very well be aggregated (and scaled to a 310 functional unit). Having said the above, it is important to realise that the specific locations and points in time of 311 emissions related to a specific product or service are not specified in LCA, and often cannot be specified due to 312 the nature of the analysis. This hampers the consideration of pathogens in processes other than the core processes 313 in the foreground system, unless the supply-chain is very well known and all the contributing processes can be 314 located. In other words, it is difficult to model the health impact of pathogens in the background system. 315
Returning to the previous example, the comparison might look as follows. For the conventional surface water 316 scenario, the estimation of the pathogen related health burden of the foreground system would encompass 317 pathogen exposure through water consumption. For the recycled water scenario, the health burden would 318 encompass pathogen exposure through water consumption as well as other exposure pathways such as recreational 319 exposure to the wastewater effluent and agricultural application of the soil amendment. Hence, after consideration 320 of the relative contributions for different exposure pathways (e.g. recreational exposure, consumption of 321 agricultural produce), it may well be that just one dominates risk (e.g. Schoen et al. 2014 ), and only one needs to 322 therefore be integrated with the LCA analysis. Following the LCA procedure for system expansion, the pathogen 323 related health burden of the dominant exposure pathway(s) of the system expansion should be added to the 324 conventional system or subtracted from the overall pathogen related health burden in the water-recycling scenario. 325
Beyond static QMRA and attributional LCA? 326 In this paper, the focus was on static QMRA, and the case studies that explored the concurrent use of QMRA and 327 LCA all relied on static QMRA and attributional LCA. Nonetheless, the concurrent use of dynamic QMRA and 328 LCA in principle should be possible as well. In a similar vein, it should in principle be possible to use QMRA 329 results alongside consequential LCA. This means that there are ample opportunities for further case studies 330 exploring these possibilities in more detail. In doing so, collaboration between LCA and QMRA experts would be 331 helpful in order to ensure that in-depth knowledge and expertise from both fields is taken into account sufficiently. 332
The importance of conscious design and clear communication 333 The three case studies that explored the concurrent use of QMRA and LCA exhibited different ways to frame the 334 concurrent use and relate QMRA and LCA results to one another. The intention here is neither to criticise any 335 particular study, nor to judge which of the studies considered in this paper provided the most concise description 336 of how QMRA and LCA results relate to one another. After all, in an emerging field that still is in the phase of 337 exploring new opportunities, it is no surprise that a clear terminology and best practice have yet to fully emerge. 338
The main intention here is to highlight the importance of consciously and carefully contemplating the use of 339 terminology, and the way in which such studies are designed and results from QMRA and LCA presented. The conceptual model and discussion of issues to be aware of when concurrently using QMRA and LCA, as presented 341 in this paper, will hopefully facilitate more consistent design and more transparent communication of future case 342 studies assessing management options in urban water and sanitation infrastructures in terms of the broader adverse 343 effects of pathogens and other stressors on human health and the environment. Hopefully, this paper also inspired 344 QMRA experts to seize the opportunities to contribute to LCA method development. 345 
